Sarcoidosis is a granulomatous disease in which activated T cells, responding to an unidentified stimulus, accumulate at sites of disease such as the lung. To evaluate the hypothesis that active sarcoidosis is characterized by a selective activation and expansion of a limited repertoire of T cell receptor (TCR) specific T cells, we analyzed TCR VB gene expression in lung and blood T cells of patients with active sarcoidosis and, for comparison, normal individuals using polymerase chain reaction amplification of 20 VB gene families. Analysis of normal bronchoalveolar lavage T cells revealed TCR V,8 distributions similar to that of normal blood, providing evidence for a lack of generalized skewing of the T cell repertoire in the normal, noninfected lung. Compared to normnal lung and blood, subgroups of individuals with sarcoidosis demonstrated biased expression of one or more Vfi genes in either the lung or blood. Five Vfi gene families (Vfi5, Vp8, Vfi15, Vfi16, and V1318) were most frequently utilized in a biased fashion by sarcoid lung or blood T cells. Furthermore, dramatic skewing of the T cell repertoire was apparent when sarcoid lung and blood T cells were expanded by short-term culture with IL-2. Sequence analysis demonstrated a bias in V,3 gene expression was usually due to expansion of select VB-specific clones, some of which contained a similar V(D)J junctional region motif. These observations provide evidence for a selective activation and accumulation of antigen-specific Vf8-expressing T cells in sarcoidosis. (J. Clin. Invest. 1994Invest. . 94:1533Invest. -1542 
Introduction
Sarcoidosis is a systemic disease histologically characterized by the presence of noncaseating granulomas and T lymphocytic infiltration in involved tissues such as the lung (1) . At sites of inflammation, T lymphocytes are predominantly of the CD4+ phenotype, morphologically appear activated, and express cell surface markers such as interleukin 2 receptors (IL-2R) and DR class II major histocompatibility complex (MHC) molecules characteristic of T cells recently stimulated via the T cell antigen receptor (TCR)' pathway (1) (2) (3) . Cytokines capable of augmenting an inflammatory response such as IL-2 and interferon y are also produced by cells in the lungs of individuals with active pulmonary sarcoidosis (1) . This inflammatory pattern is characteristic of immune-mediated granulomatous inflammation and suggests that sarcoidosis is caused by an immunologic response to a specific, yet unknown, antigen(s).
The T cell antigen receptor responsible for recognizing peptide antigens bound to class I or II MHC molecules on most T cells is composed of an a and a /3 chain (4). During T cell ontogeny, imprecise somatic rearrangement of variable (V), diversity (D) , and joining (J) segments along with the addition of N-region nucleotides results in a clonally unique V(D)J junctional region of the , / chain analogous to the hypervariable third complementarity determining region (CDR) of immunoglobulin genes (4, 5) . This region and a similar region in the a-chain are thought to play crucial roles in defining T cell clonal specificity by coding for amino acids that interact with specific peptide-MHC ligands (4, 5) . Studies of the composition of the TCR repertoire have indicated the presence of limited heterogeneity in the use of specific V, J, or V(D)J junctional residues of the a or P chain in many antigen-specific T cell immune responses and several autoimmune diseases (6) (7) (8) (9) (10) (11) (12) (13) (14) (15) . For a disease of unknown etiology such as sarcoidosis, studies of the TCR repertoire in affected individuals offer the potential for providing clues to the nature of the stimulus driving the accumulation of T cells at sites of granulomatous inflammation.
Previous work on sarcoidosis using an anti-V/38 TCR monoclonal antibody (mAb) identified marked skewing of the T cell repertoire of lung and blood T cells in a subgroup of patients with active pulmonary sarcoidosis (16) . The possibility that biases for V region genes other than V,/8 might be present in selected subsets of T cells remained untested. To test the hypothesis that active sarcoidosis is characterized by the selective accumulation of oligoclonal V/3-specific T cells at sites of disease, we have evaluated the expression of a large number of TCR V/3 genes in the lung and blood T cells of individuals with sarcoidosis and, for comparison, normal individuals.
Methods
Study population. A diagnosis of sarcoidosis was established in 23 individuals based on clinical criteria of a compatible history and physical examination with confirmation by tissue biopsy demonstrating noncaseating granulomas and no evidence for infections or alternative diagnosis (16) . 9 men and 14 women with a mean age of 38 yr participated in the study. There were 12 nonsmokers, 4 previous smokers (> 1 yr smoke free), and 5 current smokers. No patient was receiving corticosteroids at the time of study or within the previous 2 mo. All individuals had an abnormal chest x ray; 5 demonstrated hilar adenopathy alone, 16 had Blood and lung mononuclear cell preparations. Lung mononuclear cells were obtained by bronchoalveolar lavage (BAL) as previously described (16) . Cells were > 95% viable as determined by trypan blue exclusion. Cell differential counts were determined using cytocentrifugation and Diff-Quik@ staining as previously described (16) .
Blood mononuclear cells were isolated by centrifugation through lymphocyte separation media (LSM; Boehringer Mannheim Biochemicals, Indianapolis, IN).
Immunofluorescence analysis. Evaluation of lung and blood mononuclear cells for the proportions of CD3+, CD4+, CD8+, and V/38+
T cells was performed using monoclonal antibodies and flow cytometry as previously described (16 A random selection of recombinant colonies was purified by a standard miniprep DNA method and double-stranded recombinant DNA containing inserts of the appropriate molecular weight size as determined by 2% agarose gel electrophoresis were directly sequenced by a doublestranded DNA method using the modified T7 DNA polymerase Seque- In order to determine whether there was a relative compartmentalization of T cells expressing specific V/I genes to the lung compared to blood, an analysis of four individually paired blood and lung T cell samples was performed. Overall, the V/I gene distribution of lung T cells closely paralleled that of blood samples (Table II) . A possible exception involved expression of V,/I14, which was expressed at significantly greater levels in the lung compared to blood (defined as 2 6% difference) in two of four individuals (Table II) . For example, in normal individual 1, the relative expression of V/614 was greater in the lung (16%) than blood (9%) (Fig. 1 B) . In one individual 3, expression of a single V/I gene, V,/I6, in the blood was significantly higher than the expression of this V/I gene in the corresponding lung (11% blood vs 3% lung). These observations suggest that, although differences may be occasionally noted in the expression of some V,/I genes such as V,814, there is little evidence for a widespread or generalized skewing of the T cell repertoire in the normal lung.
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Since small but statistically significant differences in Vt) gene expression may be seen in the subset of CD4+ T cells The results of this analysis indicate that the normal lung is typically characterized by a heterogeneous population of T cells that is either polyclonal, or at most, has a small proportion of clonally expanded T cells on the epithelial surface (Table IV) .
In order to determine if the skewing in the VP6 T cell repertoire of the IL-2 expanded T cell lines was the result of an outgrowth of only a few individual T cell clones, a sequence analysis of the VP3 genes that were overrepresented in the T cell lines was performed (Table IV) (Table IV) . In individual 4 analysis of lung T cells expressing V136 demonstrated that only 2 of 10 (20%) sequences were identical. In this case, the preferential expression of a specific V/3 gene in a lung T cell line was likely due to several VP3-specific T cell clones.
Analysis of those blood T cell lines (patients 1 and 4) that demonstrated preferential expression of a limited number of VP genes also demonstrated striking clonality of the VP gene sequences similar to the findings of the lung T cell lines (Table   IV) . The marked clonality in VP gene expression in lung and blood T cell lines was not due to an inherent property of growing a heterogenous T cell population in vitro, since sequence analysis of a VP gene that was not preferentially expressed in an IL-2 expanded T cell line demonstrated limited evidence for oligoclonality (patient 2, blood T cell line). As a control for the sequence analysis of normal and sarcoid T cell populations, an analysis of VP3 gene expression in normal blood was performed and demonstrated polyclonality of several VP genes such as V/35 and V,618, consistent with analysis of other VP3 genes in previous reports (26, 27) .
Despite the enormous potential for diversity in the amino acid sequences in the V(D)J junctional region, of potential interest is the fact that several of the dominant TCR sequences from biased VP T cell subsets contained either an arginine-glycineargimine (RGR) or arginine-glycine-glycine-arginine (RGGR) segment beginning at position 98-100 of the V3 chain. In (6, 7, 12, 20, 23 (10) . Thus, it is likely that the T cell population in the normal lung could be skewed toward restricted Vfl-specific T cell subsets upon selective stimulation by potent antigenic or infectious agents.
Several observations from this study support the concept that biases in the T cell receptor repertoire in active pulmonary sarcoidosis are the result of a local antigen-driven inflammatory process. First, the fact that a limited number of specific T cell receptor genes are preferentially used in the lungs of individuals with active pulmonary sarcoidosis suggests an antigenic response. For example, skewing in the T cell repertoire analogous to that observed in sarcoidosis has been reported in chronic beryllium disease, a chronic granulomatous lung disease of known etiology that is histopathologically indistinguishable from pulmonary sarcoidosis (32) . Second, although the presence of biases of V/i-specific T cells in sarcoidosis raises the possibility of a superantigenic stimulus, sequence analysis of V/i genes that are preferentially expressed in the sarcoid lung in situ or after IL-2 expansion demonstrated limited junctional diversity consistent with a conventional antigenic stimulus. Finally, the preferential accumulation of Va2.3+ T cells in the lung and blood of DR3+ Swedish individuals with sarcoidosis is also consistent with stimulation by a conventional antigen (30) .
The selective use of specific VP genes in active pulmonary sarcoidosis was illustrated by a TCR repertoire analysis of lung and blood T cells cultured in the presence of IL-2. In several instances, short-term culture with IL-2 resulted in a marked exaggeration of an already existing biased V/i gene or the expansion of a V/3 subset that was expressed at a relatively high, though unbiased, level. However, in other instances, discordance between the initial unstimulated T cell population and the same T cell population cultured with IL-2 was observed, and at times, was quite striking. It is possible in these instances that the in situ expanded T cell population was relatively refractory to further proliferation with IL-2 or that additional growth factors were needed for proliferation. In these cases, a small subset of recently activated, unrelated VP3-specific T cell clones may be primed for rapid expansion with IL-2 resulting in their domination of the T cell repertoire. The observation of VP bias in IL-2 expanded sarcoid blood T cell populations is consistent with previous studies demonstrating the presence of functional, IL-2R+ T cells in the blood compartment (3) .
The possibility that the inflammatory response in sarcoidosis may be instigated and/or perpetuated by a limited set of antigens is supported by an analysis of the deduced TCR ,6-chain amino acid sequences of sarcoid T cell populations with biased usage of V/i genes. The dominant V/i genes expressed by some of these sarcoid T cell populations contained amino acid sequence similarities consisting of an RGR or RGGR sequence residing in the CDR3 region of the V/i gene. Such similarities within the hypervariable region of the ,3 chain suggest selective activation of these T cells by specific antigen-MHC combinations. Interestingly, a similar motif was seen in a separate study analyzing the T cell repertoire at sites of Kviem-Siltzbach reactions, a specific localized granulomatous response resulting from the intradermal injection of sarcoid tissue into an individual with sarcoidosis (manuscript in preparation). In one of the Kviem-Siltzbach reaction biopsy sites, TCR V/i gene expression was dominated by the expression of a VP8.1-JP2.1-C/i2 sequence which contained an RGR motif in the V(D)J junctional region. Although additional examples of this motif are likely to be found, the presence of an uncommon amino acid sequence in several of the dominant TCR sequences of selected, biased T cell populations in sarcoid lung, blood and skin, invites the speculation that these T cells may be responding to a similar antigenic determinant. The use of different V/i genes by T cell clones with this motif could be explained by differences in the MHC haplotypes of these individuals. In keeping with this possibility, there are examples of antigen-specific T cells with conserved V(D)J junctional region amino acids located at variable lengths from conserved 3' V/i residues when using different V/i genes (12) .
Although there is evidence that sarcoidosis is an antigendriven disorder, the nature of such a putative antigen remains unknown. Attractive possibilities include antigens derived from infectious agents or autoantigens. In this regard, it is intriguing that one of a panel of M. leprae-specific T cell clones responsive to the 65-kD heat shock polypeptide expressed a # chain with a V/i5 gene member and a junctional region sequence with an RGGR sequence similar to the junctional region motif seen in sarcoidosis (11). Although any correlation of CDR3 region motifs to T cell specificity remains highly speculative, the hypothesis that a subset of biased sarcoid T cell clones may have specificity for either exogenous or endogenous heat shock proteins is enhanced by reports of 65-kD heat shock protein expression at sites of sarcoid granulomatous inflammation and from studies of y7+ T cells in sarcoidosis (25, (33) (34) (35) (36) . It is conceivable that the preferential use of specific V/i genes in sarcoidosis reflects an autoimmune process to self-antigens such as endogenous stress proteins or other autoantigens with homology to infectious agents (36) . Results similar to this study showing limited heterogeneity of T cell receptor gene expression have been described in autoimmune diseases such as rheumatoid arthritis and multiple sclerosis (14, 15) .
Regardless of the underlying stimulus, the clonal expansion of T cells with restricted T cell receptor heterogeneity isolated de novo or after short term culture with IL-2 implies the presence of functionally responsive antigen-specific T cell populations in both the blood and lungs of individuals with sarcoidosis. Analysis of these T cell clones isolated in vitro may provide evidence for their playing a central role in granulomatous inflammation by demonstrating an ability to express lymphokines important to granuloma formation. Such evidence would provide a rational basis for efforts designed to specifically target these restricted and potentially pathogenic T cells.
